Bud burst is a decisive process in plant architecture that requires light in Rosa sp. This light effect was correlated with stimulation of sugar transport and metabolism in favor of bud outgrowth. We investigated whether sugars could act as signaling entities in the light-mediated regulation of vacuolar invertases and bud burst. Full-length cDNAs encoding two vacuolar invertases (RhVI1 and RhVI2) were isolated from buds. Unlike RhVI2, RhVI1 was preferentially expressed in bursting buds, and was up-regulated in buds of beheaded plants exposed to light. To assess the importance of sugars in this process, the expression of RhVI1 and RhVI2 and the total vacuolar invertase activity were further characterized in buds cultured in vitro on 100 mM sucrose or mannitol under light or in darkness for 48 h. Unlike mannitol, sucrose promoted the stimulatory effect of light on both RhVI1 expression and vacuolar invertase activity. This up-regulation of RhVI1 was rapid (after 6 h incubation) and was induced by as little as 10 mM sucrose or fructose. No effect of glucose was found. Interestingly, both 30 mM palatinose (a non-metabolizable sucrose analog) and 5 mM psicose (a non-metabolizable fructose analog) promoted the light-induced expression of RhVI1 and total vacuolar invertase activity. Sucrose, fructose, palatinose and psicose all promoted bursting of in vitro cultured buds under light. These findings indicate that soluble sugars contribute to the light effect on bud burst and vacuolar invertases, and can function as signaling entities.
Bud burst is a decisive process in plant architecture that requires light in Rosa sp. This light effect was correlated with stimulation of sugar transport and metabolism in favor of bud outgrowth. We investigated whether sugars could act as signaling entities in the light-mediated regulation of vacuolar invertases and bud burst. Full-length cDNAs encoding two vacuolar invertases (RhVI1 and RhVI2) were isolated from buds. Unlike RhVI2, RhVI1 was preferentially expressed in bursting buds, and was up-regulated in buds of beheaded plants exposed to light. To assess the importance of sugars in this process, the expression of RhVI1 and RhVI2 and the total vacuolar invertase activity were further characterized in buds cultured in vitro on 100 mM sucrose or mannitol under light or in darkness for 48 h. Unlike mannitol, sucrose promoted the stimulatory effect of light on both RhVI1 expression and vacuolar invertase activity. This up-regulation of RhVI1 was rapid (after 6 h incubation) and was induced by as little as 10 mM sucrose or fructose. No effect of glucose was found. Interestingly, both 30 mM palatinose (a non-metabolizable sucrose analog) and 5 mM psicose (a non-metabolizable fructose analog) promoted the light-induced expression of RhVI1 and total vacuolar invertase activity. Sucrose, fructose, palatinose and psicose all promoted bursting of in vitro cultured buds under light. These findings indicate that soluble sugars contribute to the light effect on bud burst and vacuolar invertases, and can function as signaling entities.
Introduction
The branching pattern of plants is linked to the burst capacity of vegetative buds, which is profoundly influenced by light (Bartlett and Remphrey 1998 , Niinemets and Lukjanova 2003 , Kawamura and Takeda 2004 , Girault et al. 2008 . In beheaded rose plants, light is needed for bud burst, and its inductive effect is related to a stimulation of metabolism (Girault et al. 2010) and remobilization of sugars in favor of buds (Henry et al. 2011) , leading to elevated levels of both sucrose and starch within the bursting buds (Girault et al. 2010) . A relationship between sugar metabolism and outgrowth potential of buds has also been reported in buds of the peach tree (Marquat et al. 1999 , Maurel et al. 2004a , and walnut tree (Decourteix et al. 2008 , Bonhomme et al. 2010 . It has generally been attributed to the trophic role of sugars in this process: the bursting bud is a highly active sink that needs a sustainable supply of sugars, which comprise the main energy and carbon resources for its heterotrophic outgrowth. However, recent studies have found that sugars can control the expression of many genes and so act as signaling entities (for a review, see Smeekens et al. 2010 , Wind et al. 2010 . Building on our previous findings in Rosa sp, the aim of this work was to investigate whether sucrose and/or its derived hexoses contribute as signaling entities to the control of vacuolar invertases and bud burst by light.
In higher plants, glucose modulates the expression of many genes including those related to the photosynthesis pathway (Jang and Sheen 1994) , glyoxylate cycle (Graham et al. 1994) , auxin metabolism in roots (Mishra et al. 2009 ) and developing maize kernels (Leclere et al. 2010 ). This effect of glucose is sensed by hexokinase (HXK1) (Smeekens and Rook 1997 , Jang et al. 1997 , Gibson 2000 , Xiao et al. 2000 , independently of its metabolic activity (Moore et al. 2003) . The effect of glucose can also be independent of the hexokinase signaling pathway when Plant Cell Physiol. 53(6): 1068-1082 (2012) doi:10.1093/pcp/pcs051, available online at www.pcp.oxfordjournals.org ! The Author 2012. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com it concerns the expression of genes encoding a cell wall invertase , a phenylalanine ammonia lyase or an asparagine synthase (Baena-Gonzalez et al. 2007) . Unlike the effect of glucose, that of fructose on gene expression has been under-researched, although fructose-1.6-bisphosphatase and a NAC family transcription factor (Li et al. 2011, Cho and Yoo 2011) or fructokinase (Pego et al. 2000 , Odanaka et al. 2002 , German et al. 2003 , Kato-Naguchi et al. 2005 have been proposed as possible components of its signaling pathway. Plants also possess a sucrose-specific signaling pathway (Gibson 2005 , Wind et al. 2010 . For example, sucrose represses the expression of the sugar beet sucrose transporter gene (BvSUT1; Chiou and Bush 1998, Vaughn et al. 2002) and the Arabidospis plastocyanin gene (Dijkwel et al. 1996) , and stimulates the expression of anthocyanin biosynthesis genes (Teng et al. 2005) . Does one of these mechanisms come into play during bud burst under light? Very few studies have addressed this question, despite the central role of soluble sugars in the ability of buds to grow out (Cottognies 1986 , Rinne et al. 1994 , Koussa et al. 2001 , Maurel et al. 2004a , Decourteix et al. 2008 , Bonhomme et al. 2010 . Using non-metabolizable sugar analogs, Maurel et al. (2004b) have shown that the breaking of dormancy in peach vegetative buds is correlated with the inhibition of active sorbitol absorption by glucose, via a hexokinase-dependent pathway. The combined effect of sugar and ABA signaling on the expression of ICK1 (an inhibitor of cyclin-dependent kinase) has been proposed in leafy spurge buds (Horvath 2003) . Sucrose can fully rescue cell cycle arrest in mutants of STIMPY, a homeobox gene required for the growth of the vegetative shoot apical meristem (Haecker et al. 2004 , Wu et al. 2005 ), but nothing is known about how sugars (sucrose or its derived hexoses) exert this action.
In beheaded rose plants, bursting buds under light exhibited high sugar contents, stimulation of Rosa hybrida vacuolar invertase 1 (RhVI1) expression and enzymatic activity of vacuolar invertases (Girault et al. 2010) , and up-regulation of RhSUC2, a sucrose transporter (Henry et al. 2011) . No stimulation of total cell wall invertase activity was found (Girault et al. 2010 ) under light or dark conditions, suggesting that among these sucrose-splitting enzymes, the vacuolar invertase route may be important during bud burst under light (Girault et al. 2010) . These findings are in agreement with its role in many sink tissues (Tang et al. 1999 , Gonzalez et al. 2005 , Sergeeva et al. 2006 , Wang et al. 2010 . Vacuolar invertase is an acid sucrose-degrading enzyme encoded by a small multigene family with two members in Oryza sativa (Ji et al. 2007) , in Arabidopsis thaliana (Haouazine-Takvorian et al. 1997 ) and in Gossypium hirsitum (Wang et al. 2010 ). Its expression is controlled by various stimuli, including light (Kim et al. 2000 , Chen and Setter 2003 , Gonzalez et al. 2005 , glucose (Godt and Roitsch 1997, Trouverie et al. 2004 ) and hormones (Trouverie et al. 2003 , Trouverie et al. 2004 , Gonzales and Cejudo 2007 . In this context, our approach was to strengthen the potential role of RhVI1 in light-induced bud burst, by comparing its expression pattern with a newly identified vacuolar invertase (RhVI2), and then to investigate the role of sugars in the effect of light on the expression level of RhVI1 or RhVI2. By combining two experimental models (beheaded plants and in vitro cultured buds), we demonstrate that sucrose and fructose contribute to the effect of light on both RhVI1 expression and total vacuolar invertase activity and that their involvement is mimicked by palatinose (a non-metabolizable analog of sucrose) and psicose (a non-metabolizable analog of fructose). Under light, but not in darkness, sucrose, fructose, palatinose and psicose all promoted bud burst, suggesting that soluble sugars can be not only nutrient sources but also potential signaling entities in this process. These findings are a first step in improving our understanding of how soluble sugars contribute to establishing branching patterns in plants.
Results
Cloning of the full-length cDNAs of two vacuolar invertases, RhVI1 and RhVI2, and expression of the corresponding genes in various organs Full-length cDNAs encoding two vacuolar invertases were isolated from Rosa sp. and named RhVI1 and RhVI2. Their nucleotide sequences contain an open reading frame (ORF) of 1,719 bp encoding a polypeptide of 573 amino acids for RhVI1 and an ORF of 1,923 bp encoding a polypeptide of 640 amino acids for RhVI2 ( Supplementary Fig. S2 ). They display the principal characteristics common to previously cloned vacuolar invertases, including a 'DPNG' b-fructosidase domain in the first 180 amino acids and the 'FRDP' domain. Also, the WEC (I/V/P) D domain, frequently found in soluble acid (vacuolar) invertases (Gonzalez et al. 2005) , was identified at amino acid position 310. Within the coding regions, these nucleotide sequences displayed 65% identity; their predicted amino acid sequences were 63% identical (Fig. 1A ). RhVI1 displayed the highest level of identity (70%) to the enzyme sequence from Prunus cerasus (PcVI), also of the Rosaceae family (Fig. 1A) . The sequences obtained were submitted to the public dbEST database under accession Nos. JN592032 and JN592033 for RhVI1 and RhVI2, respectively.
RhVI1 and RhVI2 were expressed in buds, and also in stems, roots and leaves, but displayed different patterns of expression according to the organs tested (Fig. 1B) . RhVI1 was expressed at the highest level in bursting buds, but was weakly expressed in stem, root and leaf. Its weakest expression was seen in dormant buds. RhVI2 was only barely expressed in stem and leaf, and no accumulation was observed in roots. Compared with RhVI1, RhVI2 was very weakly expressed in bursting buds, supporting a prevalent role for RhVI1 during bud burst.
Effects of light on the expression of RhVI1 and RhVI2 in beheaded plants As previously reported (Girault et al. 2010) , light strongly up-regulated RhVI1 expression in the buds of beheaded plants ( Fig. 2A) . This up-regulation began within 24 h after beheading (Â4), peaked at 48 h (Â5) and decreased slightly thereafter, but remained at a level three times higher at 96 h than at T0. Under the same experimental conditions, no such effect of light was observed for RhVI2 expression, which remained close to initial levels during the first 48 h and increased thereafter (Â2.3 after 72 h; Fig. 2B ).
In darkness, where bud burst was completely inhibited (Girault et al. 2008) , no up-regulation of RhVI1 and RhVI2 expression was observed compared with the dormant bud (control). The expression of RhVI2 remained similar to that of the control, whereas that of RhVI1 gradually and significantly decreased in darkness.
Relative expression of RhVI and RhVI2, total activity of vacuolar invertases and soluble sugar contents in buds cultured in vitro on 100 mM sucrose or mannitol under light or darkness for 48 h Previous findings showed that light up-regulated RhVI1 expression (Girault et al. 2010 ; Fig. 2A ) and stimulated total vacuolar invertase activity in buds of beheaded plants (Girault et al. 2010) . As sucrose was highly and actively absorbed by bursting buds under light (Henry et al. 2011) , we investigated whether sucrose might contribute to the stimulatory effect of light on RhVI1 expression and total vacuolar invertase activity. We chose 48 h of treatment as this duration matched the time point at which RhVI1 expression peaked ( Fig. 2A) .
Expression levels of RhVI1 and RhVI2. Under light (open bar), the expression level of RhVI1 in buds cultured on sucrose growth medium was double that in buds on mannitol (Fig. 3A) . Buds on either sucrose or mannitol exhibited an up-regulation of RhVI1 that was respectively four times and twice that found in dormant buds (Fig. 3A) . In darkness (full bar), the expression level of RhVI1 was not statistically different between buds cultured on mannitol growth medium and controls, but was higher (Â3.2) in buds incubated on sucrose growth medium (Fig. 3A) . Unlike RhVI1, RhVI2 expression levels decreased with time compared with controls and its expression was not different between light and darkness (Fig. 3B) .
Total vacuolar invertase activity. Under light, the highest total activity of vacuolar invertases was found in buds grown on sucrose growth medium, and was double that in buds on mannitol (Fig. 3C) . Buds placed on mannitol growth medium displayed the same activity of vacuolar invertase as controls (Fig. 3C) . In darkness, no difference in this activity was found between buds on sucrose and those on mannitol, and both showed the same activity as controls.
Soluble sugar contents in buds. Bud sugar contents were also measured under the same conditions, after 48 h of treatment (Fig. 4D) . Under light, the highest contents of soluble sugars (sucrose, glucose and fructose) were found in buds cultured on sucrose growth medium. In these buds, sucrose and hexose contents were 2.5 and 3 times higher, respectively, than in buds on mannitol or harvested shortly after stem severing. In darkness, sucrose content was higher (>Â5) in buds on sucrose growth medium than in those on mannitol or sampled from controls. Unlike sucrose contents, no difference in hexose contents was found between buds cultured in vitro on sucrose, mannitol or sampled from controls. Finally, sucrose content was higher in buds grown on sucrose in darkness than under light (2.9 and 5 mg g À1 FW, respectively).
Time course of the effect of light on relative expression of RhVI1 and RhVI2 in buds cultured in vitro on 100 mM sucrose or mannitol
To characterize the role of sucrose in this process more finely, we set up a detailed time course study from 6 to 48 h (Fig. 4) . In buds cultured in vitro on sucrose medium under light, compared with controls ( Fig. 4A) , the relative expression of RhVI1 increased early (from 6 h incubation) and significantly (Â2), peaking at 12 h (Â4) and remaining at that level thereafter (24 and 48 h). This was not the case in the presence of mannitol, when the stimulatory effect of light on the relative expression of RhVI1 occurred later (from 12 h incubation) and more weakly (Â1.8). Under the same conditions, the relative expression of RhVI2 in buds on sucrose or mannitol growth medium was lower than in controls, except within the first 6 h incubation on sucrose growth medium.
Effect of light on relative expression of RhVI1 and RhVI2 in buds cultured in vitro on 100 mM sucrose, glucose or fructose for 6 h We opted for an incubation time of 6 h as this duration matched an early time point for which the up-regulation of RhVI1 expression required both light and sucrose. No effect on RhVI1 expression was found either in buds cultured in vitro on mannitol under light (Fig. 4A ) or in those on sucrose in darkness for 6 h (data not shown).
As shown in Fig. 5A , the stimulatory effect of light on RhVI1 expression was seen only in the presence of 100 mM sucrose (Â2.5) and 100 mM fructose (Â2.6), with respect to controls. No up-regulation of RhVI1 expression was observed with either 100 mM mannitol or 100 mM glucose. , 16/24 h) for 96 h after the stem was severed. Controls (T0) were buds harvested shortly after removal of the apical dominance. RhVI1 and RhVI2 transcript levels were estimated by real-time quantitative PCR using genespecific primers. The gene transcript level is expressed relative to control and normalized to the RhSAND1 transcript level. Error bars indicate the standard error, with n = 3 different batches of buds. Letters (a-e) indicate a statistically significant difference between the values obtained in the dark or in the light, against controls.
These findings prompted us to test whether this light effect on RhVI1 could be obtained by even lower sugar concentrations (Fig. 5B, C) . With respect to controls, 10 mM sucrose promoted RhVI1 expression by a factor of 2.2, and peaked (Â2.5) from 25 mM; 10 mM fructose had a slight but statistically significant effect on RhVI1 expression (Â1.3) that increased with 25 mM (Â1.9) before peaking (Â2.5) at 100 mM (Fig. 5C ).
Effects of light on the relative expression of RhVI1 and RhVI2 and total activity of vacuolar invertases (RhVIs) in buds cultured in vitro on non-metabolizable sugars
As only sucrose and fructose were able to promote the early light effect on RhVI1 expression, we examined whether this same effect could be mimicked by their well-known non-metabolizable analogs (Fig. 6) . In the presence of 30 mM palatinose (Fig. 6A) , a non-metabolizable sucrose analog, light significantly increased the relative expression of RhVI1 (Â4.5) and total activity of RhVIs (Â1.25; Fig. 6B ). A similar pattern was found with 5 mM psicose, a non-metabolizable fructose analog. At this low concentration, light stimulated the relative expression of RhVI1 (Â2.2) after 6 h incubation (Fig. 6C ), but the total activity of RhVIs only after 12 h incubation (Â1.4; Fig. 6D ). This effect continued to increase (up to Â1.6) after 24 h, compared with controls (data not shown). This lag in the effect of psicose on the total activity of vacuolar invertases may be due to its low tested concentration (5 mM) compared with palatinose (30 mM). In addition, this early effect of palatinose and psicose under light was not found in darkness (data not shown).
In contrast to RhVI1, the relative expression of RhVI2 was lower in buds cultured in vitro on palatinose or psicose than in controls (Fig. 6A, C) .
Effect of light on bursting of buds cultured in vitro on metabolizable and non-metabolizable soluble sugars
To explore further the role of soluble sugars in bud burst under light, we examined whether bud burst could occur in the presence of metabolizable sugars (sucrose, glucose and fructose) and their respective non-metabolizable analogs (palatinose, psicose and 2-deoxyglucose). Under light, bud burst was promoted by 100 mM sucrose, glucose or fructose (Fig. 7A, B) , and this effect was closely similar to that found with 250 mM soluble sugars (Henry et al. 2011) . Conversely, no bud burst was observed with 100 mM mannitol, ruling out any role of osmotic stress. Bud burst (emergence of the first leaf between scales) began after 96 h incubation with sucrose, glucose or fructose, and the average bud length reached about 4.0 mm at this time point. Bud growth continued, bud length reaching >12 mm after 7 d. Overall, a similar evolution of bud outgrowth was obtained with palatinose (30 mM) and psicose (5 mM). In both cases, bud burst occurred after incubation for 96 h, at a bud length of 3.8 mm. After 7 d of incubation, final bud length reached 12 mm, and was slightly lower than that obtained with sucrose and glucose (14 mm). Interestingly, 30 mM 2-deoxyglucose, a non-metabolizable glucose analog, could not induce bud burst under the same experimental conditions, and so gave the same response as mannitol.
Discussion
RhVI1 and RhVI2 were differentially regulated in buds under light
In Rosa sp., two full-length cDNAs encoding vacuolar invertases (RhVI1 and RhVI2) were identified (Fig. 1A) , as in Arabidopsis (Haouazine-Takvorian et al. 1997 ) and maize . Their differential expression in beheaded plants supported our initial hypothesis (Girault et al. 2010 ) of a role for RhVI1 in light-induced bud burst. Under light, RhVI1 was expressed early (within the first 24 h) and strongly (>Â4) in buds ( Fig. 1A ; Girault et al. 2010) , whereas RhVI2 was late (after 72 h) and weakly expressed (Â2; Fig. 2B ). These findings were consistent with the high basal level of RhVI1 in bursting buds (Fig. 1B) , and with being up-regulated earlier than the RhSUC2 sucrose transporter, which is responsible for supplying sucrose to bursting buds (Henry et al. 2011) . Differential expression of , 16/24 h) for 6, 12, 24 and 48 h after removing the apical dominance (Control, T0). RhVI1 and RhVI2 transcript levels were estimated by real-time quantitative PCR using gene-specific primers. The gene transcript level is expressed relative to controls and normalized to the RhSAND1 transcript level. The error bars represent the standard error with n = 3 different batches of buds. Letters (a-e) indicate a statistically significant difference between the values obtained during the studied kinetics, against controls. invertase isoforms has also been reported for two vacuolar invertases (Atbfruct3 and Atbfruct4) during seed germination in A. thaliana (Mitsuhashi et al. 2004 ) and for two cell wall invertases (Bobfruct1 and Bobfruct2) during the shoot growth of green bamboo (Hsieh et al. 2006) . In maize, Ivr2 (a vacuolar invertase) was expressed in many importing organs, whereas Ivr1 was primarily expressed during reproductive development . All these findings indicate that the gene encoding invertases forms a multigene family, members of which may be expressed in an organ-and/or developmental-specific manner.
The importance of RhVI1 in bud burst under light was in line with its high responsiveness to light and sugars (Fig. 3) , two major factors in establishing the outgrowth potential of buds (Girault et al. 2008 , Girault et al. 2010 , Henry et al. 2011 . In fact, the highest expression of RhVI1 was found only when buds were cultured on sucrose under light (Â4; Fig. 3A ) and coincided with elevated total vacuolar invertase activity (Â2 compared with control; Fig. 3C ) and bud burst (Fig. 7) . Conversely, RhVI2 expression was lowest and negatively correlated with bud burst (Fig. 3B) . This responsiveness of RhVI1 to light and sucrose started early (within the first 6 h of incubation) and was not found for RhSUC2 (Supplementary Figs. S3B, S4) , the expression of which was up-regulated in buds under light (Henry et al. 2011) . Matsukura et al. (2000) showed that under light, 100 mM sucrose induced OsSUT1, a rice embryon-located sucrose transporter, but only after 36 h of treatment. This rapid regulation of RhVI1 by light and sugar supports the critical role of vacuolar invertases in the earliest phase of growth (Cheikh and Jones 1995, Zinselmeier et al. 1995) , probably by increasing the 
RhVI1 was regulated at both transcriptional and enzyme activity levels
Although numerous examples in the literature showed that the expression level of vacuolar invertase responded to sugars , Tymowska-Lalanne and Kreis 1998) and light (Kim et al. 2000 , Chen and Setter 2003 , Gonzalez et al. 2005 , nothing is known about their synergistic action. For example, in A. thaliana, the expression level of vacuolar invertase was much higher in the roots grown for 12 h in the presence of sucrose than in the presence of mannitol, but the effect of sucrose in darkness was not investigated (Tymowska-Lalanne and Kreis 1998). In rose buds, the co-presence of light and sucrose was found to be necessary for the regulation of RhVI1 expression after 6 h incubation (Fig. 4) , while sucrose and light could individually regulate RhVI1 expression over a longer period (48 h) (Fig. 3A) . In this case, and interestingly, the RhVI1 expression in buds grown on mannitol under light and those grown on sucrose in darkness was increased by a factor of 2 and 3, respectively, but was four times higher in buds grown on sucrose under light (increased by a factor of 4). These findings indicate for the first time that RhVI1 expression is synergistically modulated by light and sucrose and are consistent with the presence in the proximal region of the RhVI1 promoter of several cis-regulatory elements related to sugars [two sugar activator motifs (WBOXHVISO1) (Sun et al. 2003) ] and light [one cis-element (CICADIANELHC) (Piechulla et al. 1998)] . Although the physiological role of these different cis-regulatory elements should be confirmed by reporter gene experiments, their presence opens up the possibility of determining the molecular network behind this kind of regulation. It has been shown that vacuolar invertase is regulated as regards both gene expression and protein activity (Krausgrill et al. 1996 , Kim et al. 2000 , Husain et al. 2001 , Ruan et al. 2010 . In maize adventitious roots, the expression of Ivr2 (a vacuolar invertase) was induced under water stress, whereas its enzymatic activity remained unchanged (Kim et al. 2000) . In rose buds, and in contrast to the expression level of RhVI1, the stimulation of total vacuolar invertase activity required the simultaneous presence of light and sucrose even over a 48 h incubation period (Fig. 3C) . Buds cultured either on sucrose in darkness or on mannitol under light showed the same total vacuolar invertase activity as dormant buds (Fig. 3A, C) . This implies that the simultaneous presence of light and sucrose provides additional mechanisms required for the stimulation of vacuolar invertase activity, which may be relevant to the degree of its glycosylation or its interaction with proteinaceous invertase inhibitors or SnrK1, as for AtVI2, an Arabidopsis vacuolar invertase (Krausgrill et al. 1996 , Kim et al. 2000 . Taken together, these data indicate that in buds of beheaded plants, the stimulatory effect of light on both the expression of RhVI1 and the activity of vacuolar invertase (Girault et al. 2010 ) is at least in part related to the synergistic effect of light and sucrose. This is in line with data showing sucrose to be actively absorbed by RhSUC2 (Henry et al. 2011 ) and more accumulated than glucose and fructose during bud burst under light (Girault et al. 2010 ).
Involvement of sucrose sensing in the effect of light on bud burst and vacuolar invertase
Under light, sucrose (100 mM) promoted bursting of in vitro cultured buds, whereas no effect was obtained with mannitol (100 mM), suggesting that the sucrose used for bud burst was not produced by the bud itself, but was imported after the remobilization of starchy reserves in stem parenchyma cells of perennial species (Alaoui-Sossé et al. 1994 , Maurel et al. 2004a , Decourteix et al. 2008 , Bonhomme et al. 2010 or of beheaded rose plants (Girault et al. 2010) . Here, we show that sucrose contributes to bud burst not only as a source of carbon and energy, but also as a signaling entity. The light effect on bud burst was promoted by sucrose and also by palatinose, widely used for evidencing disaccharide signaling pathways in various models, including barley embryos, tomato, potato tubers and tobacco cell cultures (Loreti et al. 2000 , Fernie et al. 2001 , Sinha et al. 2002 , Atanassova et al. 2003 . Palatinose cannot be cleaved by cell wall invertase or transported in significant amounts by plant cells, even when supplied at a high concentration (100 mM) (Schmitt et al. 1984 , Fernie et al. 2001 , Lothier et al. 2011 , and over long periods of incubation (48 h) (Sinha et al. 2002) . However, palatinose has been reported to be cleaved in vitro by vacuolar invertase and sucrose synthase (Wu and Birch 2011) . In contrast to sucrose, competition experiments carried out with RhSUC2 showed that 30 mM palatinose did not reduce the active sucrose uptake by RhSUC2-complemented yeast ( Supplementary Fig. S3A ).
These finding mean that palatinose is not well absorbed by buds, and so its effect on bud burst will be due to its extracellular perception. The involvement of this signaling pathway further supported the induction of bud burst by turanose, lactulose or lactose (F. Barbier, J. Bertholot and S. Sakr, unpublished data), other non-metabolizable sucrose analogs (Loreti et al. 2000) .
The importance of this disaccharide pathway is not limited to bud burst but extends to the synergistic effect of sucrose and light on the regulation of vacuolar invertase; 30 mM palatinose and light stimulated, synergistically and rapidly (within 6 h incubation), the expression of RhVI1 and the total vacuolar invertase activity (Fig. 6A, C) . This is the first example of the regulation of the expression level of a vacuolar invertase by palatinose and light in higher plants. The only data available hitherto concerned a specific sink extracellular invertase (Lin6), whose mRNA level was rapidly induced by 50 mM palatinose in autotrophically growing tomato cell cultures (Sinha et al. 2001 ). In addition, this positive effect of palatinose was similar to that of sucrose, in that it did not lead to the up-regulation of RhSUC2 ( Supplementary Fig. S3B ), which is a light-induced gene in rose buds (Henry et al. 2011) , and to that of RhVI2 (Fig. 6A) . As palatinose is not cleaved in higher plants, the sucrose effect cannot arise simply from glucose generated by a cell wall invertase. Accordingly, no glucose effect on RhVI1 expression was found over 6 h incubation (Fig. 5) , while a glucose effect was found later (48 h incubation; Supplementary  Fig. S5 ). Available data suggest that the complex SnrK1 (sucrose non-fermenting-elated kinase), the Arabidopsis sucrose transporter SUT2 or the endoplasmic reticulum-located cytochrome B5 protein (Barker et al. 2000 , Halford and Paul 2003 , Fan et al. 2009 ) could be components of the sucrose sensing/ signal transduction in plants. Characterizing the role of such components will be of great importance to gaining greater insight into the different agents involved in sucrose induction of RhVI1 under light.
Involvement of hexose sensing in the effect of light on bud burst and vacuolar invertases
Under light, bud burst also occurred in the presence of 5 mM psicose, a non-metabolizable fructose analog Matheson 1994, Matheson and Myers 1998) (Fig. 7A, B) . Psicose is phosphorylated by hexokinase or fructokinase to psicose-6-phosphate, with no known further metabolism. Since no bud burst was found with 2-deoxyglucose (Fig. 7) , a well-known marker of the hexokinase signaling pathway (Jang and Sheen, 1994 , Zamski et al. 2001 , Maurel et al. 2004b , the involvement of psicose in light-induced bud burst cannot be directly linked to the hexokinase pathway, that was described to limit organ growth (Karve and Moore 2009) . A similar conclusion was drawn by Matheson and Myers (1998) , who showed that the inhibitory effect of psicose on lettuce root growth was similar to that of mannose, a substrate of hexokinase (Miao et al. 2011) , in contrast to that of mannoheptulose, a specific competitive inhibitor of hexokinase (Kato-Naguchi, et al. 2005) , which has no effect. In addition, rose buds grown on 30 mM 3-O-methylglucose, a marker of metabolism-independent glucose signaling (Miao et al. 2011) , exhibited no bud burst under light (data not shown), suggesting that a hexokinase-independent pathway plays only a minor role in this process. We can therefore propose that glucose may play a trophic role, while fructose may be perceived as a signal entity. Correspondingly, the synergistic effect of light and fructose (Fig. 5A ) was also obtained with 5 mM psicose (Fig. 6) . The simultaneous presence of light and psicose led to the up-regulation of RhVI1 expression (after 6 h incubation) and to the stimulation of total vacuolar invertase activity (after 12 h incubation; Fig. 6B, D) . Under the same experimental conditions, the expression of RhVI2 (Fig. 6B) and RhSUC2 ( Supplementary Fig. S3B ) was down-regulated compared with controls (dormant buds). Interestingly, this effect of fructose and psicose on RhVI1 expression was completely different from that of glucose, for which RhVI1 expression was similar to dormant buds after an incubation period of 6 h (Fig. 5A) . This difference between the fructose and glucose effect was also reported by Pien et al. (2001) , who showed in tomato meristem that the expression of Sus4, a gene enconding sucrose synthase, was up-regulated by fructose and sucrose, but was insensitive to glucose. All these findings are evidence that for buds grown on fructose, light and fructose signaling may synergistically induce their ability to burst and stimulate the expression and activity of vacuolar invertase. The identification of 1,6-fructose bisphosphatase, which plays a crucial role in fructose signaling (Cho and Yoo 2011) in tomato meristem (Pien et al. 2001 ) and in rose buds (A. Rabot, J. Le Gourrierec and S. Sakr, unpublished data), is a first step in gaining greater insight into the different parts of the fructose-sensing network involved in this light-induced RhVI1. Although nothing is known regarding the mechanism by which light and sugar signaling are integrated in bud, a role for SnrK1 in this process cannot be excluded (Baena-González and Sheen 2008).
Sugar and light signaling pathways are required for bud burst
In contrast to light conditions, no bud burst was found in the presence of 100 mM sucrose or fructose or in the presence of their non-metabolizable analogs in darkness ( Supplementary  Fig. S4 ). This arrest of bud burst cannot be attributed only to a carbon deficiency for buds, because buds placed on sucrose growth medium in darkness contained high endogenous levels of sucrose (Fig. 3D ), but were unable to grow out ( Supplementary Fig. S4 ). These data confirm that light is a necessary requirement for bud burst (Girault et al. 2008) , sugar sensing being insufficient to induce bud burst in darkness. Recent studies on Arabidopsis mutants showed a role for phytochrome B in the perception and transduction of the light signal during bud burst (Childs et al. 1997 , Finlayson et al. 2010 ). Also, light was shown to act as a morphogenic signal in the control of the organogenesis activity of tomato meristem (Yoshida et al. 2011) . These findings and the inability of buds grown on mannitol to burst under light reveal that the outgrowth status of buds may in part be determined by the interaction between light and sugar signaling pathways. This condition can ensure that bud burst will be initiated only when sufficient carbohydrates are available to meet increased demand for nutrients and when environmental cues permit bud outgrowth.
In conclusion, our data provide new insight into the mechanism of sugar sensing in plants. Those show that light and sugars can act synergistically to regulate a vacuolar invertase (expression and enzymatic activity) and bud burst in Rosa sp. and highlight the contribution of sugar sensings in this process. Two distinct sugar sensings (disaccharide and fructose) may be central to a regulatory network integrating metabolism and light in buds.
Materials and Methods

Plant material and growth conditions
Plants (Rosa hybrida cultivar 'Radrazz') were propagated by cuttings from a single plant genotype, as previously described (Girault et al. 2008) . Experiments were performed on plants with an emerging flower bud, referred to as the visible flower bud (VFB) stage. At this stage, the plant bears leaves with at least seven leaflets and all axillary buds remain dormant due to the apical dominance exerted by the shoot apical meristem. We used two experimental models in this study. The first was beheaded plants (Girault et al. 2008 , Girault et al. 2010 , grown at 25 ± 3 C under white light (150 ± 10 mmol m À2 s
À1
, light/dark 16/8 h photoperiod, fluorescent tubes Osram L36W/77 Fluora) or in total darkness (plant wrapped in light-proof plastic foil) for 24-96 h. The second model consisted of in vitro cultured buds (Supplementary Fig. S1 ; Henry et al. 2011) . The stem portion bearing the bud of interest and the neighboring region (1 cm on each side of the bud) was excised and the leaves and spikes were removed. Stem segments were placed on a basic culture medium [Murashige and Skoog medium (Murashige and Skoog 1962) , 8 g l À1 Aubigel G3 agar (Aubygel TM ) and 0.2% Plant Preservative Mixture (Kalys)] supplemented with 10, 25 or 100 mM soluble sugars (sucrose, glucose and fructose) or 100 mM mannitol. The segments were then incubated in a culture chamber (Strader Phytronics), under controlled conditions: constant temperature (22 C), white light (150 ± 25 mmol m À2 s
, light/dark 16/8 h photoperiod) or total darkness for 6 h, 48 h (gene expression analyses) or 7 d (bud length measurement). Bud burst occurs within 96 h of light exposure and corresponds to the distancing of the scales, due to the emergence of the first leaf (Girault et al. 2010) .
To assess the signaling role of soluble sugars in mediating the stimulatory light effect on RhIV1 and RhIV2 expression, total activity of vacuolar invertases and on bud burst, 30 mM palatinose (a non-metabolizable sucrose analog) or 5 mM psicose (a non-metabolizable fructose analog) was added to the basic culture medium as detailed above, on which in vitro cultured buds were kept for either 6 h for relative expression of RhVI1 and RhIV2 and total activity of RhVIs, or 7 d for the bud burst kinetics. The selected concentrations of palatinose and psicose were similar to those reported in previous studies (Loreti et al. 2000 , Kato-Naguchi et al. 2005 .
Bud growth kinetics
We investigated growth kinetics in in vitro cultured buds exposed to light, in the presence of metabolizable (sucrose, fructose and glucose) or non-metabolizable sugars (30 mM palatinose, 5 mM psicose, 30 mM 2-deoxyglucose and 100 mM mannitol) for 7 d. 2-Deoxyglucose is a non-metabolizable glucose analog, known to be a marker of the hexokinase signaling pathway (Jan and Sheen 1994), and was used at a concentration similar to that previously reported in the literature (Zamski et al. 2001) . Photographs were taken daily and the length of the bud of interest was measured, with the 'measurement' tool of Photofiltre Õ software and comparison with a fixed scale.
RNA extraction and cDNA synthesis
Stem, roots and leaves were harvested from plants shortly before stem severing, and buds were collected from the two experimental models (beheaded plants and in vitro single-node cuttings). All the material was then frozen in liquid nitrogen and stored at À80 C until use. We ground 100 mg of frozen material with a pestle and mortar in liquid nitrogen in the presence of 10% PVP40 (w/w). Total RNA was then isolated with the NucleoSpin Õ RNA Plant Kit (Macherey-Nagel), according to the manufacturer's protocol. The amount of RNA was evaluated with a NanoDrop spectrophotometer and its quality was checked by agarose gel electrophoresis (2% agarose; 20 min; 100 V).
For reverse transcription, 1 mg of total RNA, diluted in a final volume of 10 ml and denatured by heating for 5 min at 65 C, was added to 9 ml of reaction mixture [4 ml of 5Â Superscript III Reverse Transcriptase buffer (Invitrogen), 1 ml of RNAsin (40 U ml À1 ; Promega), 1 ml of 0.1 M dithiothreitol (DTT), 1 ml of 10 mM dNTP, 1 ml of oligo(dT) 20 and 1 ml of diethylpyrocarbonate (DEPC)-treated water] and 1 ml of Superscript III Reverse Transcriptase (200 U ml À1 ; Invitrogen). This mixture was incubated for 2 h at 45 C, and the products were then denatured by heating for 5 min at 95 C. The cDNAs were purified with the 'QIAquick PCR Purification' kit (Qiagen), diluted 1 : 100 and stored at À20 C until use.
Sequence identification and cloning
We studied the genes encoding two isoforms of vacuolar invertase: RhVI1 and RhVI2. From the previously cloned partial cDNA sequence of RhVI1 (Girault et al. 2010) , we isolated the full-length RhVI1 cDNA sequence by rapid amplification of cDNA ends (RACE)-PCR (Marathon Õ cDNA Amplification Kit, Clontech) with cDNA obtained from the buds of beheaded plants grown in the light. RhVI1 3 0 and 5 0 end amplifications were performed with the BD Advantage Õ 2 PCR Enzyme System (BD Biosciences), AP1 and RhVI1-F1 (5 0 -CGGTGTCCC CCGTGTACAACATTACGAT-3 0 ) or RhVI1-R1 (5 0 -CAAGTGGC GCATTACTATTGG-3 0 ) primers. PCR products were then inserted into the pGEM Õ -T-Easy vector (Promega) and sequenced. We screened the available genomic resources for Rosa (URGI, http://urgi.versailles.inra.fr/ and the Genome Database for Rosaceae, http://www.bioinfo.wsu.edu/gdr/) and identified a single expressed sequence tag (EST; 152 bp) putatively encoding another isoform of vacuolar invertase, referred to as RhVI2. The partial sequence of this EST was amplified from buds by PCR with the following primers: RhVI2 F (5 0 -GCTGAATCCAAC GAGGAGTT-3 0 ) and RhVI2 R (5 0 -ATAAAAGTAGACAGGAGT GCGCT-3 0 ). The PCR products were then inserted into the pGEM Õ -T-Easy vector (Promega) and sequenced (GATC Biotech). As for RhVI1, the full-length RhVI2 cDNA was isolated by RACE-PCR with RhVI2-F1 (5 0 -GTACGGGTATGTGGGAGT GC-3 0 ) or RhVI2-R1 (5 0 -TCGGGTACCCATGTTTCATT-3 0 ) as primers.
Phylogenetic tree
Confirmed or predicted full-length plant vacuolar invertase sequences from a publicly accessible database (Genbank) were used to construct a phylogenetic tree. Nucleotide sequences were aligned using ClustalW2 (http://www.ebi.ac.uk/Tools/ msa/clustawlW2/) and the tree was calculated with the PhyML (http://www.phylogeny.fr/version2_cgi/one_task.cgi? task_type=phyml) and Drawgram (http://www.phylogeny .fr/version2_cgi/one_task.cgi?task_type=drawgram) programs. The accession numbers of the vacuolar invertase sequences studied were: BdVI (Brachypodium distachyon, ACS92722.1), BoVI (Bambusa oldhamii, ABB77251.1), BvVI (Beta vulgaris, CAD19321.1), CcVI (Coffea canephora, ABI17894.1), Cs-bFruct1 (Citrus sinensis, BAF3436.1), CsVI (Citrus sinensis, BAF34362.1), GhVI1 (Gossypium hirsutum, ADP08983.1), GhVI2 (Gossypium hirsutum, ACZ05614.1), IbVI2 (Ipomoea batatas, AAK71504), IbVI3 (Ipomoea batatas, AAK71505.2), NtVI (Nicotiana tabacum, CAC83577.2), PcVI (Prunus cerasus, AAL05427.2), RhVI1 (Rosa hybrida, JN592032), RhVI2 (Rosa hybrida, JN592033), SlVI (Solanum lycopersicum, CAA78060.1) and TaVI (Triticum aestivum, AAC23502.1). The accession numbers of the cell wall invertase sequences studied were: BvCWI (Beta vulgaris, CAC81921.1), FxCW (Fragaria Â ananassa, AAD10959.1), LlCWI (Lolium perenne, AAZ29515.1), OsCWI (Oryza sativa, BAD05180.1), PsCWI (Pisum sativum, AAC17166.1), SlCWI (Solanum lycopersicum, CAB85897.1), TaCWI (Triticum aestivum, AAC96065.1) and ZmCWI (Zea mays, AAD02264.1).
Gene expression analyses
We investigated the organ-specific expression of RhVI1 and RhVI2 on the cDNA derived from dormant and bursting buds, leaves, stems and roots, using semi-quantitative PCR.
Amplifications were performed in standard conditions with 0.5 U of GoTaq Õ Flexi DNA polymerase (Promega), in a final volume of 20 ml. Reactions were set up with the following primer pairs, at a concentration of 10 mM: RhV1I-F (5 0 -CGGC CAACCTGTCTGATCCCTTA-3 0 ) and RhVI1-R2 (5 0 -GGGTCAC GGAAATCGGTGGTTAAA-3 0 ) for RhVI1; RhVI2-F2 (5 0 -GCTGA ATCCAACGAGGAGTT-3 0 ) and RhVI2-R2 (5 0 -ATAAAAGTAGA CAGGAGTGCGCT-3 0 ) for RhVI2; and RhSAND1-F2 (5 0 -TCTCCT CATTTGAACCAACACACA and RhSAND1-R (5 0 -AGGGCCAC CTACGCCATCAT-3 0 ) for RhSAND that were used for calibration (Henry et al. 2011) . PCR was then performed as follows: 30 s at 94 C, followed by 31 cycles of 15 s at 94 C, 45 s at 56 C and 30 s at 72 C, and a final elongation for 10 min at 72 C. PCR products were separated on agarose gels (1.2% agarose; 25 min; 100 V).
Real-time PCR was carried out with the cDNA as the template, specific primer pairs (RhVI1-F2/RhVI1-R2 for RhVI1 or RhVI2-F2/RhVI2-R2 for RhVI2) and iQ SYBR Green Supermix (Biorad), in a final volume of 25 ml. PCR was performed as follows: 2 min at 50 C, 10 min at 95 C, then 40 cycles of 15 s at 95 C and 60 s at 60 C. The abundance of the targeted transcript was normalized with respect to the SAND1 transcript level, and was expressed relative to control conditions by: R = [(E target ) ÁCT target (control-treated) /(E reference )
ÁCT reference (control-treated) ] (Pfaffl 2001) .
Total activity of vacuolar invertases (RhVIs)
Vacuolar invertase activity was evaluated as described by Girault et al. (2010) . For each sample, an extract was obtained by grinding frozen tissues (100 mg from 40-70 buds) with fine sand (particle size <10 mm) in the extraction buffer [50 mM HEPES-NaOH (pH 7.0), 10 mM MgCl 2 , 1 mM Na 2 EDTA, 2.6 mM DTT, 10% ethylene glycol (v/v), 0.02% Triton X-100 (v/v)], giving a final volume of 2 ml. The extract was centrifuged for 3 min in a microcentrifuge (12,000 Â g, 4 C). The supernatant was desalted on G25 Sephadex columns (GE Healthcare) previously equilibrated with 50 mM HEPES-NaOH (pH 7.5), 15 mM MgCl 2 , 1 mM Na 2 EDTA, 2.6 mM DTT and 0.1% bovine serum albumin (w/v). Vacuolar invertase activity was assayed on 25 ml of desalted extract to which we added 2 ml of 0.2 M sodium acetate (pH 4.8). We added 10 ml of 0.6 M sucrose, and the reaction was allowed to proceed at 30 C for 20 min. The reaction was then stopped by adding 50 ml of 0.5 M NaH 2 PO 4 (pH 7.0). The samples were incubated for 3 min at 100 C and then placed on ice. We then added 750 ml of a reaction mixture composed of 50 mM HEPES-NaOH (pH 7.0), 2 mM MgCl 2 , 1 mM EDTA, 100 mM sucrose, 1 mM ATP, 0.4 mM NAD, 4.2 U of hexokinase, 3.5 U of phosphoglucoisomerase nd 2 U of glucose-6-P-dehydrogenase, and samples were incubated at 30 C for 20 min. We studied NADH formation at 340 nm. The amount of protein in each extract was measured by the Bradford method (1976) with bovine serum albumin as the standard.
Sucrose, glucose and fructose contents
The supernatant previously obtained for measuring total activity of RhVIs (see above) was boiled for 3 min and centrifuged at 12,000 Â g for 5 min. Soluble sugars (sucrose and its hexoses) were assayed by enzymatic methods (Pelleschi et al. 1997) .
Statistical analyses
All the results reported here are means ± SEM of at least three independent experiments. We performed an analysis of variance (ANOVA) to test the effect of the different treatments on bud burst, on soluble sugar contents, total activity of vacuolar invertase, or on the expression of genes related to soluble sugar metabolism (RhVI1 and RhVI2), compared with controls (dormant bud). The ANOVA test was run using Statgraphicsplus Õ software.
Supplementary data
Supplementary data are available at PCP online.
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